ABSTRACT: Sediments collected from the northwestern Adriatic Sea (Mediterranean) were exposed to anoxic bottom-water conditions for more than 2 mo in order to examine the resistance of dominant meiobenthic taxa to prolonged anoxia. Copepods appeared to be most sensitive to anoxia, w~t h densities b e~n g reduced to zero within 11 d. Compared to oxic conditions, densities of both nematodes and soft-shelled foraminifera were significantly lower under prolonged anoxia. In contrast, total hardshelled foraminiferal densities did not differ significantly. This differential response resulted In a change in the meiobenthic community structure which was apparent after 1 mo. The change is reflected, and can be followed, in the f0raminifera:nematode ratio, which is proposed as a bio-indicator of prolonged anoxia. The results clearly demonstrate that, among the meiobenthos, hard-shelled foraminifera are most resistant to prolonged anoxia. However, conditions resulting from the anoxic treatment (e.g. decreased biological interactions) were beneficial to some foraminiferal genera. This resulted in a shift in fauna1 patterns eventually leading to a strong reduction in foraminiferal generic diversity. Results also indicated that details of these trends may not be evident if only the part of the foraminiferal assemblage retained on a 63 pm sieve is examined.
INTRODUCTION
Bottom waters depleted in oxygen are found worldwide, with the incidence and extent of such areas in coastal waters increasing due to eutrophication (Tyson & Pearson 1991 , Justic et al. 1993 , Diaz & Rosenberg 1995 . The phenomenon of severe oxygen depletion is of great significance since it alters both the benthic community structure and energy flow (Diaz & Rosenberg 1995) . In shallow coastal areas characterized both by seasonal thermal or salinity stratification and relatively high primary production seasonal depletion of oxygen in the bottom waters is a recurrent feature (e.g. in the northern Adriatic Sea; Justic et al. 1993) . The literature on ecological effects of hypoxia and anoxia on the meiobenthos is limited (Diaz & Rosenberg 1995) but, overall, it seems that meiofaunal taxa are less affected by hypoxia than macrofauna and megafauna (e.g. Elmgren 1975 , Josefson & Widbom 1988 , Levin et al. 1991 .
In this study, the resistance to prolonged anoxia of dominant meiobenthic taxa from the northwestern Adriatic Sea is examined. In the northwestern Adriatic Sea, nematodes and foraminifera (soft and hard shelled) together constitute more that 95% of the meiobenthic community throughout the year (Moodley et al. in press a). Although benthic foraminifera are prevalent members of the meiobenthic community, they are not often included in general benthos studies.
Inter-Research 1997
Resale of full article not permitted quality nitrogen (N,, type 6, i.e. 99.9999% N,) , When the oxygen concentration dropped to zero both in the reservoir tank and in the last culture dish, the nitrogen supply was discontinued and the system hermetically sealed off (all connections and openlngs were fitted with '0-rings'). The resulting setup ( Fig. 1) was that oxygen-free water was being circulated continuously throughout the system [which consisted of 1 large water reservoir (64 1) and 13 culture dishes (10 cm inner diameter and 542 m1 volume)]. The large volume reservoir and the continuous circulation were needed to avoid stagnation and accumulation of toxic products that can form under anoxic conditions. The height and direction of inflow was designed in such a way that it did not cause resuspension of the sediment. Therefore, a carry-over of meiofauna was prevented. The thirteenth dish was not innoculated with sediment but used to monitor the oxygen concentration in the water that passed through all of the other dishes. The oxygen content was monitored throughout the experiment (total of 78 d). The experiment was conducted in the dark and maintained at ambient temperature (13.3 + 0.2"C) and salinity. No food, beyond that already present in the sediment, was added. A setup similar to that described above was constantly aerated with air and functioned as control (oxic conditions, 234 + 6 pM or 5.3 * 0.1 m1 O2 1 -l ) .
For each sampling event (6 in total), 2 culture dishes were disconnected from each system; due to the bypass this could be achieved without affecting the oxygen concentration in the remainder of the system (Fig. 1) . Before it was split into 4 equal parts, the height of the conlpacted sediment was determined, in order to calculate the exact volume of sediment in each dish. One quarter was removed with a syringe and preserved in 4 % buffered formalin with Rose Bengal; this served for later enumeration and identification of the meiofauna. As a verification of the staining method used to distinguish living specimens from the dead, a second quarter of the total sample was used for a 'lifecheck', i.e. this split was examined immediately for living, motile specimens of the various taxa. Juvenile macrofauna and the permanent metazoan meiofauna were very motile and were readily recognized as living. This check was much more time consuming for foraminifera, however, as they were often encysted in fine particles and resembled faecal pellets. Individual foraminiferal specimens of various species were examined under the inverted microscope for cytoplasmic streaming, used here as the criterion for being alive. This qualitatively verified the Rose Bengal staining results (Goldstein 1988a , Moodley 1990 , Goldstein et al. 1995 . Additionally, from the anoxic treatment a few living specimens of nematodes and soft-shelled and hard-shelled foraminifera were examlned for symbiotic methanogenic bacteria using epifluorescence microscopy (e.g. Van Bruggen et al. 1983) .
It can be argued that the 2 replicate dishes per treatment and per sampling occasion do not constitute true replications of the experimental (oxic or anoxic) treatment. From a practical point of view, however, it was impossible to achieve replication at this level. Not only would a double set of each (oxic and anoxic) setup be needed, but the amount of work in sampling and sorting would also be doubled. Indeed, from experience one expects most variability to occur between the replicate dishes within a treatment, necessitating replication at this level whatever the treatment replication is. Given our time and money constraints, we therefore restricted replication to that level where we expected the highest variability.
The thickness of the compacted sediment layers in the culture vessels varied between 3 and 6 mm and the total volume of the sample used for fauna1 studies varied between 9 and 12 cm3. The stained sample was wet-sieved with tap water over a 38 pm sieve, and the total residue was examined for stained fauna m1 by m1 after suspension of the sample in water. To facilitate density comparisons, results were normalized to a standard volume of 10 c m h f sediment. In order to establish whether the trend seen in the hard-shelled foraminiferal assemblage retained on a 38 pm sieve was also evident in the fraction more generally used in foraminiferal studies (i.e. specimens retained on a 63 pm sieve), the sample was then wet-sieved over a 63 pm sieve and the residue re-analysed.
This study addressed (1) the permanent meiofauna, Identified to major taxon level and (2) the hard-shelled foraminifera, identified to genus or species level (according to Barmawidjaja et al. 1992) . Diversity of the foraminiferal assemblages was estimated using the reciprocal of the proportional abundance of the most common genera (Berger & Parker 1970 , Hill 1973 , so that an increase in value of the index indicates a n increase in diversity and a reduction in dominance. Softshelled foraminifera (allogromiids and soft-shelled saccamminids) are forms that have a soft, flexible wall and have been described from shallow water environments (e.g. Nyholm 1952 , 1953 , 1954 , 1955a . b, 1974 , Nyholm & Gertz 1973 , Goldstein 1988b , Goldstein & Barker 1988 and the deep sea (e.g. Gooday 1986 ). Identification of this group was based on the descriptions given in the abovementioned papers and verified by checking for granuloreticulate pseudopodia that branch and anastomose, features characteristic of foranlinfera (Travis & Bowser 1991) . Fauna1 counts were done using a stereomicroscope; the taxonomy of small specimens of hard-shelled foraminifera were verified using a Scanning Electron Microscope. When in doubt, specimens were tallied as unidentified. All counts were ln(x+l) transformed before statistical analysis by 2-way analysis of variance (ANOVA) using the MGLH module of SYSTAT (Systat Inc.). the case only for nematodes and foraminifera (both soft and hard shelled; Table 1 ). No methanogenic bacteria were detected in any of the nematodes or foraminifera examined.
RESULTS

Community response
Upon the initial flushing with nitrogen, sediments in the anoxic series turned from yellowish brown to grey with a few black spots that increased in number with incubation time. After the third sampling event (33 d), the water turned black. The anoxic and eventually reduced conditions were further indicated by the negative redox potential of the sediment and the smell of sulfide ( Table 1) . In contrast, under oxic conditions the sediment remained yellowish brown.
Although large macrofauna were excluded in our experiments through our use of the < l mm sediment fraction, a few juvenile specimens (bivalves, gastropods or polychaetes) passed through the 1 mm sieve. At sampling event 1, an average of 42 ind. per 10 cm3 and 12 ind. per 10 cm3 were encountered, respectively, in the oxic and anoxic vessels. Under anoxic conditions, this value dropped to zero after 11 d . Under oxic conditions, this value was reduced to 11 ind. per 10 cm3 after 11 d , and then an average of 1 ind. per 10 cm3 for the remaining sampling events.
Under oxic conditions, all members of the permanent meiofauna and juvenile macrofauna were observed to be living during the 'life-check' at every sampling event (i.e. after 1, 11, 33, 53, 61, and 78 d of incubation). However, after 78 d of anoxic conditions, this was Based on the counts of Rose Bengal stained specimens retained on a 38 pm sieve, copepods, nematodes and foraminifera together formed more than 96% of the living permanent meiobenthic community at the beginning of the experiment. The foraminiferal assemblages consisted of both soft-shelled and hard-shelled species.
Among these dominant taxa, copepods appeared to be most sensitive to anoxia; no Living specimens were found after the first sampling event (Table 2 , Fig. 2 ). The densities of both nematodes and softshelled foraminifera decreased faster under anoxic conditions (significant interaction, see Table 2 , Fig. 2 ). In contrast, there was no significant difference in total hard-shelled foraminiferal densities between treatments (p = 0.073; Table 2 , Fig. 2 ) nor in their relation with time (p = 0.059; Table 2 ). This differential response resulted in a change in the meiobenthic community structure which was already apparent after 1 mo (Fig. 3) , with foraminifera, especially hard-shelled foraminifera, becoming the dominant component. The change can be followed in the soft-shelled f0raminifera:nematode ratio and even more noticeably in the hard-shelled foraminifera: nematode ratio (Fig. 4 ) .
COP~PO~S
Hard-shelled foraminifera
Soft-shelled foraminifera
Initially, calcareous species formed the majority of the assemblage (-80% hyaline and -5% porcellaneous) with agglutinated species accounting for the remaining 15%. Due to the difficulty of identifying some very small individuals to species level and the scarcity Table 2 solid line) treatments. p is the significance of the difference between treatments as indicated by 2-way ANOVA (see Table 2 ). Note that copepod densities were 0 after Day 1 under anoxlc conditions; to show the data (n+1)/10 cm3 is plotted of data, analysis of the data was performed at the generic level. Five genera formed more than 5 % of the assemblage in all 6 sampling events in both the oxic and anoxic treatments. Nonionella (predominantly N. turgida), Stainforthia (predominantly S. fusiformis), Bolivina (predominantly B. dilatata with B. seminuda and B, spathulata) and Hopkinsina (predominantly H. pacifica) were the 4 dominant calcareous genera and Reophax (R. scottii and R. ndna) was the only dominant agglutinated genus. Other genera were too rare for statistical analysis. Additional genera that were found living after the anoxic treatment include Quinqueloculina, Buliminella, Ammonia, Bulimina, Epistominella, Eggerella, Ammoscalana, and Cnbrostomoides. Of the 5 dominant genera, densities of Nonionella and Stainforthia were significantly higher under anoxlc conditions (p < 0.01), Reophax densities were slightly lower (p = 0.026) and densities of Bolivina and Hopkinsina were not affected (p > 0.05; Table 2 , Fig. 5) .
The number of hard-shelled foraminifera retained on a 63 pm sieve was strikingly low and ranged from 24 to 86 ind. per 10 cm3 (Fig. 6 ) , whereas the number of specimens >38 pm ranged from 68 to 685 ind. per 10 cm3 (Fig. 2 ) . The fraction retained on a 63 pm sieve was on average less than 20 % of the total retained on a 38 pm sieve. Density values in the 63 pm fraction, as a whole, reflect the general high resistance of the hardshelled foraminifera to anoxia (Fig. 6 ) . This coarser fraction may, however, bias the results towards some genera. For example, the relative proportion of genera with elongate morphology (Stainforthia, BoLivina, Reophas and to a lesser extent Hopkinsina) is reduced in the 63 pm fraction, leading to an overestimation of the dominance of Nonionella (a more ovate foram) under both oxic and anoxic conditions (Fig. ?a, b) . This sieving artifact is clearly reflected in the generic diversity trends (Fig. 8a, b) . Generic dversity of the coarser fraction increases with time under oxic conditions (r2 = 0.620, p = 0.00) but remains relatively constant under anoxic conditions (r2 = 0.336, p = 0.05). However, in the 38 pm fraction diversity is much higher and does not change significantly with time under oxic conditions and anoxic (e, solid line) treatments. p is the significance of the difference between treatments a s indicated by 2-way ANOVA (see Table 2 )
(r2 = 0.003, p = 0.86) but it decreases significantly under anoxic conditions (r2 = 0.652, p = 0.00; Fig. 8a, b) .
DISCUSSION
The northern Adriatic Sea is one of the estuarine and shallow marine regions where severe hypoxia (~0 . 2 m1 O2 1-l or ~8 . 8 pM 02) are observed seasonally (Diaz & Rosenberg 1995) . Our sampling site is within the area that is affected by seasonal bottom-water hypoxia, with values dropping below 1 m1 O2 1-' (44 pM 02) during late summer (Regione Emilia-Romagna 1993) . This probably results in severe dysoxic and anoxic conditions for the infauna. Surficial sediment (0 to 1 cm) in this area consists of muddy silt sed~ment (median grain size: 11 pm, 96 % mud) with a relatively high organic carbon content. In May 1995 the upper 5 mm of the sediment contained 1.02 % organic carbon (Moodley et al. in press a ) . Oxygen is rapidly consumed in the sediment surface layers and has a a maximum penetration depth of about 7 mm in winter, dropping to less than 2 mm in May (Moodley et al. in press a ) . The meiofauna in this area is therefore expected to be adapted to low oxygen levels. The oxygen penetration depth in the sediment layers of the oxic treatment is of critical importance for the experiment discussed in this paper. This was estimated with a microelectrode on Day 53 to be 220 pM 0, (-5 m1 O2 1-l) at the sediment surface and . Total hard-shelled foraminiferal densities and densities of dominant genera retalned on a 63 pm sieve In the oxic (0, dashed line) and anoxic ( 0 , solid line) treatments. p is the signlf~cance of the difference between oxygen treatments as indicated by 2-way ANOVA (see Table 2) face. The oxygen concentration throughout the entire sediment layer was not measured, but based on other experiments showing oxygen penetration to -5 mm (Moodley et al. in press b) , it is realistic to assume that free oxygen was present in the bulk of the thin layers of sediment (3 to 6 mm) used in this study. However, a penetration depth of 5 mm is still substantially deeper than that measured in untreated field cores (less than 2 mm under bottom-water oxygen contents of 175 pM O2 or 4 m1 O2 I-'). This is probably related to the experimental treatment, as the sediment fraction smaller than 1 mm (i.e. excluding large macrofauna) of the upper sediment layers (3 to 5 cm) was first mixed and then maintained in water with a higher oxygen content of 234 * 6 pM 0, (-5.3 + 0.1 m1 O2 I-'). Additionally, and probably more importantly, oxygen consumption as a result of re-oxidation of reduced compounds diffusing up from deep sediment layers is excluded when using a thin layer of sediment. For typical shelf sedim e n t~, a large part of the oxygen uptake is attributed to re-oxidation of, for example, H2S, FeS, and Mn2+ (Heip et al. 1995 , Soetaert et al. 1996 . As observed during other periods of the year (Moodley et al. in press a), the permanent meiofauna of our study site was dominated by nematodes and forarninifera, with copepods forming only a small part of the community. Earlier studies of the metazoan meiofauna in the Adriatic also confirm the relatively minor importance of other taxa a n d the strong dominance of nematodes (Vidakovic 1984) . In our study, copepods were the group most sensitive to anoxic conditions, in accordance with earlier observations. Meiofaunal crustaceans, which are highly motile and normally occur in well-oxygenated environments, generally appear to be highly sensitive to hypoxic conditions (e.g. Coull 1969 , d e Bovee 1975 , Elmgren 1975 , Heip 1980 , Josefson & Widbom 1988 , Levin et al. 1991 , Diaz & Rosenberg 1995 . The less motile, infaunal components a r e expected to be more tolerant to low oxygen levels (Josefson & Widbom 1988) . Within the metazoan meiofauna, nematodes, which normally are numerically dominant in subtidal soft bottom communities, generally exhibit a high tolerance to oxygen deficiency (e.g. Elmgren 1975 ). Several species are able to withstand anoxic conditions for at least 60 d (Wieser & Kanwisher 1961) . In o.ur study, both the nematodes and foraminifera (soft and hard shelled) were able to withstand anoxic conditions for at least 78 d. However, densities of nematodes and softshelled foraminifera were significantly reduced under prolonged anoxia whereas total hard-shelled foraminiferal densities were not affected. Thi.s differential response creates the possibility of utilizing ratios of these major taxa as indicators of prolonged anoxia. However, it should be noted that this may not be applicable to all coastal areas as our samples were taken from an area where severe oxygen depletion is commonly observed. Adaptation of certain taxa to these conditions cannot be excluded. To test this possibility, similar experiments are required with meiofauna from areas where hypoxic/anoxic conditions do not occur.
Commonly, metazoan meiofauna and soft-shelled foraminifera are extracted from the sediment by centrifugation with Ludox (Heip et al. 1985) . However, with this procedure, most hard-shelled foraminifera remain in the sediment (e.g. Moodley et al. in press a). Therefore, the use of the hard-shelled foraminifera: nematode ratio, which is probably a better indicator of prolonged anoxia than the soft-shelled foraminifera: nematode ratio, would require that the residual sediment also be examined.
Hard-shelled foraminifera
In this study area, the proportion of the assemblage retained on a 63 pm sieve was strikingly low (on average less than 20% of total retained on a 38 pm sieve). This implies that the assemblages consisted either mainly of juveniles or of small-sized individuals. A study of the dead assemblage in the surface sediment layers in the field (i.e. foraminifera produced over a period of -3 yr) revealed a similar proportion of size classes (Van Neuren 1996) and indicates that this area is charactenzed by small individuals, that are not retain.ed on a 63 pm sieve. Unidentifiable infants (2 to 4 chambered specim.ens) were not abundant (a maximum of 14 specimens per 10 cm3 sediment) and were encountered at the first 2 sampling events of the anoxic treatment and in all except the last 2 sampling events in the oxic treatment.
Many studies of modern benthic foraminifera have focussed on sieve fractions larger than 125 pm (Douglas & Woodruff 1981). However, it has been demonstrated that this could lead to erroneous conclusions and a workable, pragmatic lower limit of 63 pm was recommended (Schroder et al. 1987 , Sen Gupta at al. 1987 . The choice of 63 pm would eliminate all clay and silt while retaining almost all foraminifera and sand. A comparison with smaller sieves was not made, but if one wishes to retain the entire population, including a number of unidentifiable juveniles, a sieve of about 20 pm has to be employed (Schroder et al. 1987) . Our study site is evidently characterized by small individuals of which only a small portion is retained on a 63 pm sieve. Bernhard & Reimers (1991) suggested that under favorable conditions, e.g. abundant food or diminished biological interactions, foraminiferal populations are characterized by small individuals, as a result of rapid reproduction. Similar conditions could indeed prevail in eutrophic coastal areas as the northwestern Adriatic Sea. From a paleoecological point of view, the relative proportion of the various genera or species forms an important source of information. As demonstrated in this study, signlficantly different trends are seen depending on whether a 38 pm or a 63 pm sieve is used (Figs. 7a, b & 8a, b) . The use of sieves with a smaller opening (e.g. 38 or 45 pm) may be necessary in certain areas, especially for detailed ecological studies, but this introduces a new set of problems. Identification of extremely small individuals to species level is very time-consuming and may be problematic, although genera are readily recognized.
Because all of the hard-shelled foraminifera species survived prolonged anoxia (78 d), our results support the assertion that many benthic foraminifera are facultative anaerobes (Moodley & Hess 1992 , Bernhard 1993 , Bernhard & Alve 1996 . This is to be expected considering their natural habitat. Although several divisions have been proposed (e.g. Corliss 1985 , Barmawidjaja et al. 1992 , the majority of the species i.nhabiting soft bottoms can be considered as infaunal (Buzas et al. 1993) . If one takes into account that they are very slow moving (0.5 to 30 mm h-'; Kitazato 1988 , Wetmore 1988 ) and cannot provide their own supply of oxygen, as can some macrofauna, a high resistance to anoxia can be expected. Responses to anoxia could include dormancy and anaerobic metabol~c pathways (Bernhard & Alve 1996) ; however, no association with methanogenic bacteria has been observed (Moodley & Hess 1992 , Bernhard 1996 .
Some genera (in this case Nonionella and Stainforthia) seemed to benefit from conditions created by the anoxic treatment, i.e. survival was higher under anoxic than under oxic conditions (Fig. 5) . This suggests that biological interactions (e.g. disturbance, competition) might be an important factor limiting these species. A direct preference for anoxic conditions is most unlikely as these species have also been reported to dominate under oxic conditions (Murray 1992 , Alve & Bernhard 1995 . This conclusion is supported by the fact that there was no significant change in densities under anoxic conditions for either Nonionella or Stainforthia (p > 0.05), suggesting that reproduction did not take place.
Based on distributional studies and studies on the metabolic activity of species exposed to short-term anoxia, Bernhard & Alve (1996) suggested that Stainforthia and Nonionella are more tolerant to anoxia than other foraminifera. This is supported by the dominance of these 2 genera under anoxic conditions (Fig. ?a) and the fact that both Stainforthia and Nonionella looked distinctly healthier in the 'life-check' compared to, e.g , Reophax. However, it is important to realize that the dominance of both Stalnforthia and Nonionella is a result of their higher survival under the conditions created by the anoxic treatment compared to oxic conditions. Of the 5 dominant genera encountered in our study, Reophax was the only genus that seemed negatively affected by the anoxic treatment (Fig. 5) . Prolonged anoxia evidently affects foraminifera either directly or indirectly, but the exact mechanism remains unresolved at this stage. We hypothesize that species like Nonionella and Stainforthia will continue to have a competitive edge upon initial re-oxygenation but gradually decrease in dominance with time. Short-term anoxia (shorter than a few weeks) is not expected to cause drastic changes in the composition of the foraminiferal assemblage (Fig. ?a) . However, fauna1 tolerance to anoxia in combination with sulfide might be different (Diaz & Rosenberg 1995) , although this does not appear to qualitatively affect some common benthic foraminifera (Bernhard 1993) . It was not possible to evaluate independently the effect of sulfide in our study because it could not statistically be separated from the effect of long anoxic incubation. In general, the data suggests that sulfide (present after 53 d) does not change the trends that were already evident before Day 53, except for Reophax, for which a sudden drop is seen after Day 53. An effect of sulfide independent of the effect of anoxia cannot be excluded, but more specific experiments need to be carried out.
Foraminifera are prevalent members of the benthic community (e.g. Ellison 1984 , Rudnick et al. 1985 , Josefson & Widbom 1988 in press a), and in soft sediments the majority occur infaunally (Buzas et al. 1993) . They have been encountered living at depths of 30 to 35 cm (e.g. Goldstein 1988a , Moodley 1990 , Moodley & Hess 1992 , Goldstein et al. 1995 . The penetration of oxygen in fine-grained sediment is generally very shallow (e.g. Revsbech et al. 1980 , Rasmussen & J~r g e n s e n 1992, Lohse et al. 1995) , thus emphasizing the limited direct role of oxygenation in structuring surface and subsurface distribution patterns of benthic foraminifera. Among the benthic meiobenthos, foraminifera seem to be least affected by hypoxic conditions (1 to 0.21 rnl O2 1-l or 44 to 9.2 pM 02; Josefson & Widbom 1988) and most resistant to anoxic conditions (this study). Based on the sediment surface and subsurface oxygen data reported in some foraminiferal studies (e.g. Bernhard 1989 , Moodley 1990 and the general oxygenation regime in subsurface sediment layers (e.g. Revsbech et al. 1980 , Rasmussen & Jsrgensen 1992 , Lohse et al. 1995 , it can be concluded that the majority of common benthic foraminifera inhabiting soft sediments are in fact operating at the lower end of the oxic range with substantial portions often inhabiting suboxic/anoxic sediment. This is supported by recent experimental studies that reported growth (Moodley & Hess 1992) and reproduction (Alve & Bernhard 1995) under moderate to extreme dysoxic (2 to 0.2 m1 O2 1-' or 88 to 8.8 PM 02) bottom-water conditions-the oxygen content in the sediment being inevitably lower (see Moodley et al. 1996131 , so that the values given represent upper limits. Macrofaunal activity may provide oxygen to deeper sediment layers, but concentrations remain low. Macrofaunal burrows can be considered the largest source of subsurface oxygen but, although relatively higher densities of meiofauna or foraminifera can be found near burrow structures, a larger proportion of the assemblage is found outside the oxic zone (e.g. Aller & Aller 1986 , Meyers et al. 1987 , Thomsen & Altenbach 1993 . Additionally, subduction of the surface oxic zone is by no means uniform and the subsurface occurrence of foraminifera below the oxygenated layer is usually not directly associated with burrows. Alve & Bernhard (1995) reported differential preference levels of oxygen content between species within the dysoxic range (less than 2 ml O2 1-I or 88 pM 0 2 ) . The infaunal species Stainforthia fusiformis only outnumbered the epifaunal species Bulimlna rnarginata when bottom water oxygen concentrations were less than 0.2 m1 O2 1-I or 8.8 pM O2 (Alve & Bernhard 1995) . This was supported by subsequent field observations, as B. marginata still outnumbered S. fusiformis in sediments with bottom waters (10 cm above the sediment) having an oxygen content of 0.95 m1 O2 1-I (41.5 pM 02) in the Drammensfjord, Norway (Bernhard & Alve 1996) , with the oxygen content in the sediment being certainly lower. If differential effects or responses are indeed operating at such low oxygen concentrations and if this is true for other common foraminifera inhabiting soft sediments, the direct impact or role of oxic conditions (i.e. upper end of the oxic range) on foraminifera might be very limited. They are probably best described as microaerophiles which are highly resistent to anoxic conditions.
As discussed in a recent review of benthic foraminifera in oxygen-poor habitats (Sen Gupta & MachainCastillo 1993), oxygen conditions in many instances seem to be an obvious parameter for explaining foraminiferal distributional patterns, although the primary influences may stem from other parameters. Overall, benthic foraminiferal species dominant in long-term dysoxic or suboxic habitats are also present, although not necessarily dominant, under well-oxygenated conditions (Sen Gu.pta & Machain-Castillo 1993). Assigning levels of tolerance to low oxygen concentrations based solely on the position of foraminifera in the sediment, or general test morphology and/or specific morphological characteristics, is clearly an oversimplification, especially since the majority of foraminifera inhabiting soft sediments appear to be living within the hypoxic range. These foraminifera evidently flourish under low oxygen conditions and have a very high tolerance to anoxia. Therefore, they are probably not eliminated during seasonal anoxia with a duration of 2 to 3 mo. This may explain the relatively rapid recolonization of a 'defaunated' area by these relatively slow moving organisms. However, one would expect that stable long-term anoxia, persisting over for instance 6 mo, would eliminate foraminifera indeed, as there are no reports of foraminifera occurring in permanently anoxic environments.
